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Abstract Grain size variations are common in thermo-mechanically processed alloys with non-uniform6
cold work. A method to produce samples with grain size gradients was developed using Incoloy 800H.7
Two tensile samples with non-uniform gages were designed with finite element analysis and manu-8
factured. Measured strain profiles were consistent with designs, and maximum von Mises strains of9
(18.6 ± 6.1) % and (13.6 ± 4.6) % were obtained. After annealing, an area 40 mm × 5 mm was mapped by10
electron backscatter diffraction. Totals of 2849 and 2569 grains were identified after merging twins. Both11
samples had duplex grain structures as defined in ASTM E1181. Grains were binned into 4 mm strips to12
evaluate the spatial grain size distribution. Grain size gradients of 0.0081 mm2/mm and 0.0112 mm2/mm13
were obtained. Simulated grain growth of the linear gradient microstructure was consistent with acceler-14
ated growth predictions. This new method of making samples will enable laboratory studies of gradient15
grain size effects in realistic industrial alloy microstructures. Further, samples could be used for parallel,16
single specimen experiments on phenomena that depend on grain size such as complexion transitions and17
fatigue. Most importantly, high-throughput parallel testing of microstructures enabled by our method18
could accelerate materials discovery and qualification in fields such as high entropy and nuclear alloys.19
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1 Introduction21
The effect of microstructure on material performance is fundamental to materials engineering [1]. Tai-22
loring microstructures in order to optimize properties includes creating spatially varying microstructures23
for optimum performance under applied fields such as stress [2], temperature [3,4] and electromagnetic24
fields [5,6]. Case hardening mild steel is a classic example [7]. Lee [8] used torsional deformation and25
annealing to obtain grain size gradients in AISI 1018 steel with improved tensile properties compared to a26
homogeneous grain sized alloy. Hwang [9,10] used oxide grain refiners and powder methods to obtain grain27
size gradients in nickel with improved fatigue resistance. Yan [11] used surface rotational rolling to obtain28
grain size and texture gradients in AZ31 magnesium alloy with concurrent improvements in strength and29
ductility. Long [12] used cryogenic surface mechanical grinding to obtain nanograined surface regions for30
improved fatigue performance in pure copper. Cheng [13] used direct current electrodeposition to obtain31
gradient nano-twinned Cu structures with both high strength and high work hardening properties.32
Spatially varying microstructures can also be by-products of traditional manufacturing routes. One such33
example is the processing of steam reformer pigtail tubes that require 90° bends to enable the component34
to accomodate thermal expansion [14]. The bends are formed by rotary drawing Incoloy 800H, a high35
nickel austenitic steel. The plastic strain from the bending operation varies across the tube cross section,36
with outer fibre strain estimated to be ≈ 10 % [15] at the intrados (inner bend radius) and extrados37
(outer bend radius) and minimal stored plastic work at the neutral bending plane. After a recrystalliza-38
tion anneal, the details of which are proprietary, the grain size is non-uniform with larger grains near the39
neutral plane and smaller grains near the intrados and extrados, Fig. 1. Pigtails operate at elevated tem-40
peratures around 800 ◦C to 900 ◦C and internal pressures approximately 1.9 MPa such that the dominant41
deformation mechanism is creep [16]. Anecdotally, longitudinal creep cracks have been observed in the42
transition region between the large grained and the small grained zones, but there has been no systematic43
study of the effect of grain size gradients on creep. Understanding the relation between spatially varying44
grain size and creep behavior was the primary motivation for this study.45
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Fig. 1: Macrostructure of cross-section of 800H pigtail at bend with neutral plane indicated by vertical,
white dashed line. Insets showing (below) large grains at bottom of section near the neutral plane and
(right) small grains near region of maximum stored work.
Heat treatment is a common method of increasing mean grain size and can be used to manipulate46
spatially varying grain size distribution. A recent computational study of isotropic grain growth on a47
2D domain employed gradient grain size microstructures [17]. Grain growth was simulated by motion by48
mean curvature in Surface Evolver [18], and, as expected, parabolic kinetics were obtained. In contrast,49
the parabolic grain growth constant was found to depend on the variance of the grain size distribution,50
a result not predicted by any current grain growth theory. The variance was obtained by introducing a51
linear variation in the local mean grain size as a function of distance across the domain while keeping the52
global mean grain size constant. A second motivation for this study was to obtain real microstuctures53
with controlled gradients in grain size to test Baskaran’s [17] predictions.54
The ASTM standards for quantifying grain size focus on measures of mean grain size (typically called55
grain size) [19–21] or of the largest grain in a sample [22] using optical and electron backscatter diffraction56
(EBSD) methods. ASTM E1181:Standard Test Methods for Characterizing Duplex Grain Sizes provides57
methods for determining grain size in samples with grain size distributions that deviate from single,58
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log-normal distributions [23]. It defines materials with topological, duplex grain sizes as “specimens or59
products containing grains of two or more significantly different sizes, but distributed in topologically60
varying patterns...” This significant difference is defined to be a difference in the ASTM grain size number61
(n) of 3 or more. Further, the standard gives these examples “systematic variation of grain size across the62
section of a product, necklace structures, banded structures, and germinative grain growth in selected63
areas of critical strain.” For samples with topological–cross section duplex grain sizes, the Standard says64
to report the mean grain sizes at the extremes of the variation pattern along with an indication of the65
location of the extremes in the sample, e.g. at center or at surface. The spatial variation of grain size66
and grain size distribution are missing in this description.67
Grain size gradients are produced and characterized in Incoloy 800H (UNS N08810) in this work. The68
alloy is an austenitic Fe-based superalloy with composition 30.0-35.0 Ni, 19.0-23.0 Cr, minimum 35.969
Fe, 0.05-0.1 C, 0.16-0.60 Al, 0.16-0.60 Ti with 0.30-1.20 (Al+Ti) and is required to have ASTM grain70
size n = 5 or coarser [24]. It was developed from Incoloy 800 and designed to have improved creep71
performance with higher carbon concentration and a grain size requirement compared to Incoloy 800. It72
is widely used at elevated temperatures in oxidizing environments. For example, it has been shortlisted73
for Generation IV super-critical water cooled nuclear power systems [25]. More particularly, it is used in74
the outlet pigtail piping of methanol reformer systems [26].75
Research on Incoloy 800H has focused on grain boundary engineering and precipitation [27,28], mi-76
crostructural evolution during dynamic recrystallization [29–31], properties of welds [32] and recently77
the creep rate equations and deformation mechanism map [33]. There is little published on static re-78
crystallization. The manufacturer’s technical report contains recommendations in graphical form for79
thermomechanical processing [24]. Beardsley et al. [34] studied recrystallization of 800H pipe after cold80
pilgering and found that grain growth stagnated at a limiting grain size determined by the annealing81
temperature. Cao et al. [35] studied microstructural evolution after solution annealing following hot82
rolling. They found that banded, recrystallized microstructures resulted for solution anneals at 950 ◦C83
and 1050 ◦C, but not at 1150 ◦C. Both authors attributed their observations to precipitation during84
annealing.85
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In this paper, a thermo-mechanical method to obtain gradient grain size samples is demonstrated us-86
ing Incoloy 800H. Finite element analysis (FEA) was used to design dog bone shaped samples with87
non-uniform widths that were strained in a tensometer to obtain non-uniform plastic strain. Two sam-88
ples with strain profiles analogous to profiles obtained in pigtails after bending were demonstrated. The89
recrystallized gradient grain size distributions were analyzed and metrics for them were proposed. Pro-90
duction of gradient grain size samples in the laboratory will enable systematic study of the the effect91
of these non-uniform microstructures on microstructural evolution, properties and performance. The92
opportunities to use this method to enable high-throughput testing are discussed.93
2 Experimental Details94
2.1 Sample Design95
The motivation to examine gradient grain size samples was the microstructure obtained across the96
cross-section of the bends in reformer pigtail pipes. Two samples were designed to mimic a simplified97
description of the variation in stored cold work after bending a tube. Consider a thin-walled tube with98
Cartesian coordinates defined with the origin at the center of the tube cross-section, z-axis parallel to the99
axis of the tube and the cross-section parallel to the x − y-plane. The isotropic, linear, plastic material100
experiences a bending moment Mx that produces a linear variation in stress σzz as a function of distance101
y from the neutral x− z plane at the center of the tube. This gives a linear variation in plastic strain εzz102
as a function of y and a sinusoidal variation in εzz with distance around the circumference of the tube.103
We take these linear and sinusoidal variations in stored plastic strain to represent the variation in stored104
plastic work in a pigtail during processing.105
Linear and sinusoidal variations in plastic work were obtained in tensile samples with non-uniform gage106
cross sections. The dimensions are specified by the depth h and the width of the section w(x), where x107
is the distance along the gage. A set of six tensile tests revealed that 800H had bi-linear elastoplastic108
behavior with elastic modulus E = 195.5 GPa, yield strength σy = 250 MPa and tangent moludulus109
ET = 1.8 GPa. Using the small strain approximation, infinite elastic modulus and approximating the110
plastic von Mises strain by the axial component of strain, εvm(x) ≈ εxx(x).111













where σxx is the stress in the axial direction, F is the applied axial load and A(x) = hw(x) is the112
cross-sectional area.113
A cross-sectional width with form wl(x) produces a linear variation in εxx, and a cross-sectional width114















where B, C, b and c are constants and L is the total gage length.116
FEA using ANSYS® Academic Research Version R15.1 was performed to tailor geometric parameters117
in order to obtain εxx(x = 0) = εmax ≈ 10 % for the two profiles. The material properties are summarized118
in Table 1. The plane stress approximation was used to calculate the plastic strain for fixed displacement119
using a bilinear, isotropic hardening model. The corresponding maximum loads were determined. The120
linear profile was smoothed in the center to prevent stress concentrations at a sharp notch. The FEA-121
designed sample geometry and required tensometer parameters are given in Table 2.122
2.2 Sample Treatment123
Incoloy 800H 4.76 mm sheet from VDM Metals, Australia was CNC machined to manufacture two sam-124
ples, hereafter referred to as linear and sinusoidal, with geometries specified in Table 2. The as-recieved125
mean grain size calculated from the average of 292 grains was 0.0249 mm2 equivalent to n = 2.4. A126
1 mm × 1 mm grid was laser etched onto one surface of the gage of each sample. The samples were127
strained in an MTS810 tensometer to the designed maximum cross head displacements. The experimen-128
tal loads required to obtain the design cross-head displacements were 25.2 kN and 22.1 kN for the linear129
and sinusoidal samples, respectively. These are within 4 % and 7 % of the design values. Images of the130
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Fig. 2: Sinusoidal specimen with laser etched grid before and after extension in the tensometer. The
intersections of the grid lines were used to determine plastic strain in the gage.
grids were collected before and after straining using a Canon EOS30D DSLR camera with 100 mm lens,131
as shown in Fig. 2.132
The strain at the surface of the specimens was determined from the nodal positions of the grid before,133
(X,Y ), and after, (x, y), extension. Optical images were processed in ImageJ [36], and the grid inter-134
sections were manually determined from the skeletonized images. The measurement error was estimated135
to be ∆ = 0.05 mm, half the width of the etched grid lines. The strain, ε, was determined from the136









ε = (FT + F) − I (5)
The deformed samples were annealed for 60 min at 1100 ◦C and air cooled. The recrystallized samples139
were prepared for metallography by sequential polishing with 180, 240, 360, 400 and 600 grit SiC paper140
followed by 9, 3 and 1 µm diamond paste. The final polish used 0.06 µm colloidal silica. A total area141
of 40 mm × 5 mm was mapped with EBSD in a JEOL 6100 scanning electron microscope with Oxford142
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Instruments AZtec software. Approximately 200 individual maps, each 1.2 mm × 1.05 mm, were collected143
with a 4 µm step size and ≈ 2 µm spot size. EBSD data analysis was performed with MTEX Toolbox in144
MATLAB®(2015a) [37]. Indexing rates exceeded 90 %. The orientation of unindexed points was filled145
by the nearest neighbor method in MTEX before the individual maps (tiles) were stitched together. An146
orientation tolerance of 10° for a single crystallite was used in this work. When the typical tolerance of147
5° [21] for a single crystallite was used, the mosaic nature of the data set was apparent and spurious148
grain boundaries were identified at EBSD map intersections. An orientation tolerance of 10° yielded149
microstructures in the center of tiles that appeared identical on visual inspection to the 5° tolerance150
microstructures and removed grain boundary identification errors associated with the mosaic effect.151
3 Results and Discussion152
3.1 Experimental153
The experimentally determined plastic strain map and strain profiles along the centerline of the gage154
at y = 0 were compared to the FEA predictions for the two samples, Fig. 3. In the following, the y-155
coordinate measures distance across the gage width, and the x-coordinate measures distance along the156
gage length with the origin at the geometric center of the sample. In both samples, εvm, varied along the157
gage length and was approximately constant across the gage width, Fig. 3 a) and d). There was some158
variation across the width around x = 0 for the sinusoidal sample, Fig. 3 d). The origin of this is not159
known, but subsequent analysis uses only the central 5 mm wide portion where the von Mises strain is160
uniform in y.161
A comparison of the FEA prediction (blue line) and the measured εvm (circles) is favorable, Fig. 3b)162
and d). In each case, the FEA predictions are below the measured values but are generally within163
the error bars. The error bars correspond to propagation of measurement error from the location of164
the nodes and were significant. The stored work in the linear sample showed an increasing trend over165
−22 mm < x < −4 mm and flattened out before decreasing again from approximately x = 4 mm, Fig. 3b).166
The maximum measured strain in the central flat of the gage was higher than the FEA predicted167
maximum strain εvm = (18.6 ± 6.1) % > 11.6 %. However, the mean value over the 8 mm flat section168
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Fig. 3: Contour plots of experimentally determined von Mises plastic strain over a rectangular region in
the center of the gage for a) the linear and c) the sinusoidal sample. The corresponding color bars use
the same relative scale. Comparison of experimental and finite element (FEA) predicted von Mises strain
along the gage centerline at y = 0 for b) the linear and d) the sinusoidal samples. Error bars correspond
to propagated measurement error.
was (14.4 ± 6.6) %, which compares favorably with the prediction in the linear sample. The stored work169
in the sinusoidal sample had a smooth variation with distance along the gage, as designed, and lower170
absolute values compared to the linear sample, Fig. 3d). The maximum measured strain of (13.6 ± 4.6) %171
compares favorably with the FEA predicted maximum 9.8 %. Overall, spatially varying plastic stored172
work was obtained in the two samples with a discernible difference in the shapes of the spatial variations.173
After annealing the samples in air, EBSD mapping was performed on approximately one half of the total174
gage length of each sample. The inverse pole figure (IPF) colored raw map, grain boundary character175
map and grain size colored map for each sample are presented in Fig. 4. The IPF maps illustrate that176
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Fig. 4: Microstructural mapping from EBSD data from approximately half of the gage length of each
sample. The left of the images corresponds to the center of the gage that experienced the maximum
strain, and the right of the images corresponds to the region near the grips that obtained minimum
plastic strain. Orientation maps are shown in a) and d), grain boundary character maps in b) and e) and
grain size maps in c) and f) for the linear and sinusoidal samples, respectively.
there was no preferred texture development in either sample. This is consistent with Cao et al.’s analysis177
of hot rolled 800H annealed at 950 ◦C [35].178
The grain boundary character was categorized into random high angle boundary (RHAB),Σ3,Σ9 orΣ27,179
Fig. 4 b) and e), where the Palumbo and Aust criterion was applied for the special boundaries[38]. Grain180
boundaries with misorientation > 10° were identified as RHAB. The length fraction of Σ3 boundaries181
in the as-received plate was 46 % and increased to 53 % in both the linear and sinusoidal samples. The182
length fraction of Σ9 boundaries increased from 2 % in the as-received to 4 % in both samples. While183
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length fractions of special boundaries can be increased by sequential thermomechanical processing (grain184
boundary engineering) to upwards of 70 % in low stacking fault alloys, only a minor increase occurred185
here [39].186
When twin-related volumes were merged, the network of high angle grain boundaries spanned the analysis187
domain. Grains that were truncated by the edges of the map were discarded for computing statistics.188
These remaining twin-merged volumes will be referred to as grains in this work. The grain area colored189
maps, Fig. 4 c) and f) for linear and sinusoidal samples, respectively, showed a spatial variation in grain190
size from left to right. The smallest (blue green) grains are concentrated on the left and the largest191
(yellow) grains are concentrated on the right. The white areas in the plots correspond to regions with192
fewer than 25 pixels per grain or grains that were truncated by the edge of the image. The second type193
of information loss is a particular problem towards the right hand side of the images where large grains194
that are truncated by the edge of the map extend up to the center of the map at y = 0. This highlights195
the compromise between total mapping area and step size, where the number of large grains is traded off196
against the resolution of the smallest grains. While this is always a consideration for orientation mapping,197
it is a particular issue in these gradient microstructures.198
The overall sample grain size distributions were analyzed using grain area, Fig. 5 a) and b). A total of199
2849 grains with sample mean grain size µ = 0.0641 mm2 and sample variance σ2 = 0.0138 mm4 were200
identified in the linear sample. A total of 2569 grains with µ = 0.0688 mm2 and σ2 = 0.0206 mm4 were201
identified in the sinusoidal sample. The quantile-quantile plots, Fig. 5 c) and d), demonstrate that the202
log-normal distribution was a better fit to the data than a normal distribution for small to intermediate203
grain sizes. However, the log-normal distribution underestimates the actual number of small grains and204
overestimates the actual number of large grains in the samples. Vander Voort and Friel [40] recommended205
using area weighted grain area distributions to determine whether a grain size distribution is bimodal206
and contains a small number density of very large grains. This was the case in both samples, Fig. 5 c)207
and d). What is missing in the analysis to date is a method for capturing the spatial variation of the208
grain size distributions.209
A method for analysing the spatial variation in pore size distributions from geology was adapted to210
visualize the spatial variation in grain size [41]. The cumulative number distribution of grains was plot-211




































































































































Fig. 5: Sample grain size analysis with a) and b) grain area frequency distributions, c) and d) quantile-
quantile plots illustrating the deviation of grain area frequency from best fit log-normal distribution and
e) and f) the area weighted grain area distributions for linear and sinusoidal samples, respectively.
ted against fractional distance along each map, X with 0 ≤ X ≤ 1, Fig. 6. In alloys with grain size212
distributions that are spatially uniform, the data will fall about the uniform distribution (dashed line).213
Whereas pores do not fill space, grains do and therefore the discrete data for each sample appeared214
as lines. Both samples showed significant deviations from the uniform spatial distribution. Small grains215
were clustered near the center of the gage near X = 0, and large grains were clustered near the end of216
the gage near X = 1. While Fig. 6 illustrates some spatial variation, it is missing information on the217
grain size distributions.218
Grains were binned by the location of their centroids along the gage length, and the distribution of grain219
areas in each bin led to the violin plots in Fig. 7. The bins are labelled with the x-coordinate of the center220
of the bin. Because the bin size was fixed at 4 mm, the number of grains included in each violin plot221
























Fig. 6: Cumulative number distribution plotted against fractional distance along mapped region of the
gage for the linear and sinusoidal samples compared to the spatially uniform distribution.
varied and is given above each plot. The number of grains per bin ranged from 96 to 538 in the linear222
sample, Fig. 7 a), and from 70 to 449 in the sinusoidal sample, Fig. 7 b). ASTM Standard E2627 [21]223
requires at least 500 grains to be identified by EBSD, and this was only obtained in 2 bins in the linear224
sample. The bin size is a compromise between being large enough to ensure a reasonable number of grains225
per bin and being small enough to capture the gradient in grain size and distribution with distance. One226
could imagine using a fixed number of grains per bin or using a fixed bin size to examine the spatial227
variation, but each method has drawbacks.228
In both samples, the first bin centered at 2 mm had fewer grains than the next bin centered at 6 mm.229
There are several factors that contribute to this. One was the effect of truncation of the sample that230
meant that each grain that was bisected by the far left-hand boundary of Fig. 4 a) or d) was excluded231
from the statistics, and this was a large number because of the small grain sizes in that area. A second232
factor was that the smallest grains in the analysis of both samples were approximately 8 × 10−4 mm2 due233
to a combination of EBSD step size of 4 µm combined with the minimum of 25 pixels per twin volume234
and the merging of twin related volumes to form grains.235
Using the bins in Fig. 7, the moments of each distribution were calculated, Table 3 and Table 4. The236
zeroeth moment is the number of grains, N . The first moment is the mean grain size, µ, and the second237
central moment σ2 is the variance of the distribution. The mean grain size of the small grained region238
was overestimated here due to undercounting of the smallest grains due to EBSD step size limitations.239
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Fig. 7: Violin plots of the grain area distributions for grains sorted into 4 mm bins spaced at 4 mm
intervals along the gage for a) the linear and b) the sinusoidal samples. The bins are labelled with the
x-coordinate of the center of the bin. The dot density plots show the actual data points, and the number
of grains in each distribution is given at the top.
In contrast, the mean grain size of the large grained region was underestimated due to the likelihood of240
the largest grains being bisected by the sample and excluded from the statistics.241
The mean grain size with error bars corresponding to standard error of the mean was plotted with242
distance along the image, Fig. 8. Both samples displayed similar trends in mean grain size with fairly243
uniform small mean grain sizes in the bins 2 mm < x < 14 mm, increasing mean grain sizes in the bins244
18 mm < x < 34 mm and a plateau in mean grain size x ≥ 34 mm.245
Systematic variations in the mean grain size with distance along the samples were achieved. The gradient246
in mean grain size was estimated from the bins 18 mm < x < 34 mm to be 0.0081 mm2/mm in the247
linear sample and 0.0112 mm2/mm in the sinusoidal sample. These estimates of grain size variation248
corresponded to ASTM grain size number differences ∆n = 1.7 and ∆n = 2.1, respectively. Neither249
sample as characterized here met the ASTM definition of a duplex grain structure [23]. While the number250
of grains in the small grained statistics was in the hundreds, the large grained regions had significantly251
lower than the recommended mapping of 500 grains for determining the mean grain size [21]. ASTM252
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Fig. 8: Mean grain areas from distributions in Fig. 7 for a) the linear and b) the sinusoidal samples. The
error bars correspond to standard error of the mean.
Standard E930 [22] provides a method for determining n of an outlier grain that can be used with253
ASTM Standard E1181 [23] for duplex microstructures. In the linear sample, the largest single grain254
(outlier grain) had area 1.6457 mm2 and n = −3.5. In the sinusoidal sample, the largest single grain255
had area 2.9338 mm2 and n = −4. Using these, ∆n > 3 exceeded the Standard’s threshold for duplex256
microstructure distributions in both samples.257
All grains in a microstructure contribute to the grain size statistics in the analysis presented here. In258
contrast, in previous work where gradient grain size samples were characterized either mean grain size259
was determined from small regions along the direction of grain size variation [8] or topological duplex260
grain sizes were obtained, such as in the nanograined surface regions [11] or layered nickel alloys [9].261
Continuous variation in grain size has not been characterized in the literature.262
In surface treated samples, authors report nanograined surface regions and micron-sized grains in the263
interior: Yan [11] reported transverse grain sizes of 170 nm and 20 µm, respectively, while Long [12]264
reported grain sizes of 60 nm and 21 µm, respectively. In samples with grain size manipulated with oxide265
dispersions, Hwang [9] reported grain sizes in the finest region of 22 µm and 154 µm in the coarsest region.266
Lee [8] reported surface grain sizes of 8 µm and interior grains of 13.8 µm in torsionally processed samples.267
A parametric plot revealed the relationship between measured stored plastic work and the post annealing268
grain size, Fig. 9. The data points are mean values corresponding to the 4 mm bins used previously. The269

























Fig. 9: Parametric plot of mean grain size with mean measured von Mises plastic strain for 4 mm bins
centered at 2 mm to 30 mm along gage for the linear and the sinusoidal samples. Vertical error bars
are standard error of the mean grain size, and horizontal error bars are mean von Mises plastic strain
measurement error.
mean grain size has error bars for standard error of the mean for the bin. The εvm is the average of εvm270
over the 4 mm bin with error bars for mean measurement error. The plot includes bins in the range 2 mm271
to 30 mm only because the strain measurement was limited to this region. The largest εvm corresponded272
to the center of the total gage and the bin centered at 2 mm where the smallest grains were found.273
The smallest εvm corresponded to the end of the gage and the largest grains. The recrystallized grain274
size was a decreasing function of cold work, consistent with the theory [42]. In fact, this is the very275
processing-structure relationship that we set out to exploit in the sample design.276
The parametric data sets for the two samples in Fig. 9 overlap suggesting that the recrystallized grain277
size is insensitive to the gradient in stored work at this length scale. Various methods to simulate the278
deformation and subsequent recrystallization at the microstructural level have been developed including279
integrated phase-field and crystal plasticity models that deal with nucleation by strain induced grain280
boundary migration mechanism [43] or by subgrain growth in the context of strain gradient theory [44].281
In order to use such a method to explore the deformation and recrystallization in the samples with282
mesoscopic strain gradients over 35 mm, much larger, irregularly shaped simulation domains would be283
required. This is a significant modelling challenge.284
While there was no direct evidence of the critical strain for initiation of static recrystallization for285
1 hour at 1100 ◦C, this phenomenon was not ruled out by the results [45]. The recrystallized grain size286
is a decreasing function of the amount of cold work above a threshold critical strain [46]. The largest287
Continuous grain size gradients in austenitic Incoloy 800H: design, processing and characterization 17
recrystallized grains are obtained at this critical strain, and these can be as large as millimeter-sized288
in aluminum alloys, where the critical strain can correspond to 12 %RA [46]. No recrystallization or289
grain refinement, just recovery, occurs for cold worked regions with strains less than the critical value. A290
decrease in grain size and unrecrystallized grains at very low cold work would constitute direct evidence291
of the critical strain, and that was not observed here. The laser etched grid allowed strain measurement292
over a total 60 mm, Fig. 3, and did not include the very lowest strain regions at the far ends of the293
gage. Further, the smallest recrystallized grain size for any bin exceeded the grain size of the as-received294
material (0.0358 mm2 < 0.0249 mm2), indicating that grain growth had followed recrystallization during295
the heat treatment.296
3.2 Stress Distribution Simulation297
The primary motivation of this research was to understand the role of grain size gradients on creep298
performance of pigtail tubes. While a method for making gradient samples has been developed, no creep299
testing has yet been performed on them. As stress drives defect transport in creep [47], a preliminary300
finite element calculation was performed on the sinusoidal microstructure in the hopes of identifying301
stress concentrations linked to the gradient in crystallite size.302
Finite element simulations were performed on the sinusoidal sample microstructure using OOF2 [48]. The303
raw EBSD mapped orientations after filling using nearest neighbors for unindexed points were used. The304
grain identification from the fully processed EBSD data set was used to generate the finite element mesh.305
The single crystal elastic constants are not known for 800H; therefore, representative values corresponding306
to Fe-18Cr-14Ni alloy were used with C11 = 198 GPa, C12 = 125 GPa and C44 = 122 GPa [49]. A plane307
stress simulation with σxx = 2σyy = 9.5 MPa corresponding to the hoop stress in a thin-walled pressure308
vessel with the axial coordinate alined with y and the circumferential coordinate aligned with x in this309
geometry.310
The von Mises stress distribution for the finite element simulation on the sinusoidal sample is shown in311
Fig. 10. The black lines indicate the network of RHABs. The calculations were based on local lattice312
orientations, and strain contrast between twin related volumes is visible in the color contrast in the large313
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Fig. 10: Von Mises stress distribution predicted by OOF2 finite element simulation of plane stress elastic
deformation of the sinusoidal sample with crystallographic orientations corresponding to Fig. 4d). Black
lines show the high angle grain boundaries as in Fig. 4e). The stress scale is normalized by the hoop
stress.
grains on the right side of the image. All the stresses are well below the elastic limit. Larger regions of314
relatively high stress, yellow, were evident in the large grained region to the right. The implications for315
locations of damage accumulation are not obvious at this stage. In fact, the nature of the mechanisms316
for creep cavitation in alloys is an open research question [50].317
An integrated multi-scale model incorporating model grain geometries and orientations and crystal plas-318
ticity was recently demonstrated for creep in 316H stainless steel [51]. Applying this method to model319
gradient microstructures may shed light on the relation between grain size gradients and creep damage,320
see [52] for an example. A coupled experimental and computational approach using real gradient sam-321
ples designed with the method introduced here could elucidate the origin of creep cavitation in industrial322
components such as pigtails. The effect of spatial grain size distributions can be studied by using real323
gradient samples for creep testing and the microstructures of those samples as input for corresponding324
simulations. Again, the size of the computational domain required to capture grain size statistics over a325
mesoscale gradient is a significant challenge.326
3.3 Grain Growth Simulation327
In light of Baskaran’s study [17] that identified an increased early stage parabolic grain growth constant,328
k, for model microstructures, an identical calculation was run using the grain structure of the linear329
sample. See [17] for details of the method. Whereas Baskaran’s initial microstructures contained approx-330
imately 38 000 grains on a 3 × 1 domain, 13 765 centroids corresponding to the twin volumes from the331
linear sample were used to generate grains on a 7× 1 domain for the initial condition. The twin volumes332
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Fig. 11: Violin plots of the grain area distributions for twin volumes sorted into 4 mm bins spaced at
4 mm intervals along the gage for the linear sample. The mean and standard error of the mean are shown
with a dot and whisker for each bin. The number of grains in each distribution is given at the top.
were used rather than the grains because there were so few of the latter. The corresponding statistics for333
the twin volumes gave a sample µ = 0.013 26 mm2 and σ2 = 7.010 × 10−4 mm4. The spatial variation of334
grain sizes are shown in Fig. 11 and the moments of the distribution in Table 5. The twin size trends335
and spatial variation were consistent with the grain statistics in Fig. 7a) and Table 3.336
The new simulation was terminated after 0.2 units of time with 877 grains remaining. A linear least337
squares fit to the sample mean grain area with time was obtained (R2 = 0.9998), and the slope identified338
as k. The ratio of initial σµ was used to compare the calculated grain growth constant from this real339
microstructure to the model results from Baskaran’s original work, Fig. 12. A 3.9 % relative increase in340
the grain growth constant compared to the homogeneous case was observed in the real microstructure341
that had σµ = 1.78. This is consistent with the closest model structure with
σ
µ = 1.75 and a relative342
increase of 5.1 % in grain growth constant. This result shows that the increase in grain growth constant343
cannot be attributed to the artificial connectivity of the subdomains in Baskaran’s model microstructures.344
The real microstructure had a relatively modest σµ compared to the extreme model cases that showed345
larger deviations in k from k0. While the 2D simulations suggest that the gradient in grain size has an346
effect on early stage grain growth, this has yet to be confirmed in 3D simulations or in experiments.347
Experimentally testing this grain growth anomaly requires samples with wider ranges of grain size and348
larger gradients in grain size. As the grain boundary properties were isotropic in the model and special349
boundaries were not considered, experiments on alloys should target materials with high stacking fault350
energies, i.e. those without annealing twins. The method described in this paper could be used to produce351
such samples for future work.352














Fig. 12: Parabolic grain growth constant determined from gradient grain size microstructures with various
ratios of the standard deviation to the mean (σ/µ) of the sample grain size distribution at initial time.
The grain growth constant is normalized to a reference value from a spatially homogeneous grain size
distribution. The black points are data from model gradient microstructures after [17] and the red
diamond corresponds to an initial microstructure generated from the centroids of the linear twin sample
corresponding to Fig. 11.
3.4 Recommendations353
While 800H is a workhorse alloy for some applications and the performance of 800H pigtails was the354
motivation for this study, it was not the best alloy choice for a study of gradient grain size distributions355
due to lack of supporting information. Recrystallization of alloy 800H after cold work has not been356
widely studied in the literature. Further, minor nitride and carbide phases with solvi in the annealing357
temperature range of interest may complicate matters [30]. A more widely understood single-phase alloy358
with well known thermo-mechanical relations, for example alpha brass or pure nickel, would be a better359
choice.360
The laser etched grid used here for strain measurement carried large uncertainties and yielded data on361
a coarse grid. Digital image correlation would be a much better choice for better spatial resolution of362
non-uniform strains on tensile samples [53].363
In this work, we demonstrate an expedient method of generating grain size gradients in non-uniform364
tensile samples. Future work will include exploring the limits of this method in order to create larger365
differences in mean grain size between regions and also creating larger spatial gradients in the mean366
grain size between regions. These can be accomplished by decreasing the grain size in the smallest367
Continuous grain size gradients in austenitic Incoloy 800H: design, processing and characterization 21
grained regions and increasing the grain size in the large grained region. The first can be accomplished368
by increasing the maximum stored cold work and by annealing until the completion of recrystallization.369
Grain growth tends to decrease the grain size gradient as the mean grain size in the smallest grained region370
increases faster than the mean grain size in the large grained region. The grain size in the large grained371
region can be increased by ensuring that the cold work exceeds any critical strain for recrystallization.372
The performance of alloys in industrial applications where gradients in grain size exist in actual com-373
ponents can be studied systematically. Production of gradient grain size samples using our method will374
enable laboratory experiments under controlled conditions with realistic microstructures. Future work375
includes investigating creep in gradient grain size microstructures of alloy 800H to understand the role376
of the gradient in failure of reformer pigtails.377
The most interesting possibility is to use gradient grain size samples as a platform for parallel experiments378
on phenomena that depend on grain size. Appropriately designed samples where different regions have379
different grain sizes could be used to study important processes such as fatigue, environmentally assisted380
cracking, corrosion, precipitation, recrystallization, bulk phase changes, complexion transitions at grain381
boundaries, electrical properties and mass transport properties. Because the microstructures change382
continuously in our samples, determining metrics for regions that are microstructurally independent of383
each other is a future challenge.384
High-throughput screening of microstructures has been identified by Miracle and Senkov [54] as an un-385
met challenge for the development of high entropy alloys. This class of alloys is vast, and without high-386
throughput computational and experimental techniques, the time to discover new, useful chemistries will387
be prohibitive. Our method could be used to focus co-optimization of alloy composition and microstruc-388
ture to narrow the search space for new high entropy alloys.389
High-throughput screening with gradient microstructure samples would accelerate the process of quali-390
fying novel materials for applications such as biomedical or nuclear that have lengthy or involved qual-391
ification processes. For example, new alloys are sought for molten salt reactors [55] where the ASME392
Boiler and Pressure Vessel Code requires 100 000 hour creep rupture tests [56] in addition to a battery393
of other tests.394
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4 Conclusions395
A general method to create alloy samples with two different designed gradients in grain size was demon-396
strated using Incoloy 800H. Non-uniform cold work and subsequent recrystallization annealing yielded397
two samples with mesoscopic gradients in grain size. Using the outlier grain method from ASTM Stan-398
dard E1181 [23], both microstructures were characterized as topological duplex microstructures with399
∆n > 3. The spatial variation in grain size distribution was analyzed by sorting grains into 4 mm bins400
based on the centroids. The grain size gradients were 0.0081 mm2/mm and 0.0112 mm2/mm over 14 mm401
in the linear and sinusoidal samples, respectively. The grain size in the small grained region is likely to402
be overestimated due to EBSD step size limits. The grain size in the large grain region is likely to be403
underestimated due to sample truncation of the largest grains.404
Grain size was a decreasing function of the measured plastic deformation. All regions had grain sizes405
exceeding the as-received material’s, which indicates that grain growth had occurred over all regions of406
the samples. No evidence for the critical strain anneal was observed for static recrystallization of 800H407
during annealing at 1100 ◦C for 60 min.408
No clear stress concentrations in the gradient grain size region were identified in preliminary finite element409
simulations using OOF2 [48] on the raw sinusoidal EBSD orientation map. No correlation between creep410
damage and microstructure could be drawn from this 2D calculation.411
The parabolic grain growth constant kk0 = 1.039 from a 2D simulation using the twin volumes in the412
linear sample with σµ = 1.78 was consistent with the increase observed by Baskaran et al. [17] in model413
microstructures. This result is not explained by current grain growth theories. Grain growth experiments414
on gradient microstructures like those demonstrated here are necessary to test the predictions.415
The method outlined in this paper demonstrates a simple method to design and thermomechanically416
process alloys to obtain intentional gradients in grain size. Such samples may provide insight into the re-417
lation between creep in Incoloy 800H pigtails and the microstructure for direct industrial application [16].418
They can be used to test the grain growth predictions from Baskaran [17].419
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Further, these gradient grain size samples could be used for parallel experiments on a single specimen to420
develop understanding of phenomena that are affected by grain size such as complexion transitions at421
grain boundaries, transport properties and bulk phase transformations.422
Most importantly, gradient samples could be used for high-throughput, parallel testing of microstructures.423
High-throughput testing methods are especially sought after for high entropy alloy development [54],424
where the compositional space is dauntingly large, and for new nuclear alloys [56], where the qualification425
process requires lengthy tests.426
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6 Tables523
Table 1: Properties for FEA sample design of 800H
Property Value Source
Density 7940 kg m−3 [24]
Elastic modulus 196.5 GPa [24]
Poisson ratio 0.339 [24]
Yield strength 250 MPa This work
Tangent modulus 1.8 GPa This work
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Table 2: Geometry and tensile test parameters determined by FEA. wmin is the minimum gage width.
w(x) is the shape of the gage width as a function of x in mm.∆Xmax is maximum cross head displacement.
Fmax is the maximum load.
Linear Sinusoidal
L 75 mm 75 mm
h 4.76 mm 4.76 mm







∆Xmax 3 mm 4 mm
Fmax 26.1 kN 23.7 kN
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Table 3: Summary of grain size distribution statistics binned according to Fig. 7a) for the linear sample
where N is the zeroeth moment or number of measurements, µ is the first moment or mean of the
distribution and σ2 is the second central moment or variance of the distribution.
Bin 2 mm 6 mm 10 mm 14 mm 18 mm 22 mm 26 mm 30 mm 34 mm 38 mm
N [−] 237 535 538 441 344 240 183 130 105 96
µ[mm2] 0.0413 0.0362 0.0358 0.0445 0.0572 0.0781 0.1112 0.1415 0.1860 0.1851
σ2[mm4] 0.0088 0.0025 0.0024 0.0041 0.0083 0.0092 0.0372 0.0383 0.0516 0.0542
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Table 4: Summary of grain size distribution statistics binned according to Fig. 7b) for the sinusoidal
sample where N is the zeroeth moment or number of measurements, µ is the first moment or mean of
the distribution and σ2 is the second central moment or variance of the distribution.
Bin 2 mm 6 mm 10 mm 14 mm 18 mm 22 mm 26 mm 30 mm 34 mm 38 mm
N [−] 254 449 428 391 338 247 181 128 83 70
µ[mm2] 0.0374 0.0415 0.0438 0.0487 0.0554 0.0767 0.1056 0.1434 0.2343 0.2329
σ2[mm4] 0.0032 0.0027 0.0043 0.0076 0.0134 0.0108 0.0239 0.0551 0.1044 0.1816
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Table 5: Summary of twin grain size distribution statistics binned according to Fig. 11 for the linear
sample where N is the zeroeth moment or number of measurements, µ is the first moment or mean of
the distribution and σ2 is the second central moment or variance of the distribution.
Bin 2 mm 6 mm 10 mm 14 mm 18 mm 22 mm 26 mm 30 mm 34 mm 38 mm
N [−] 880 2105 2188 2034 1740 1406 1122 874 752 664
µ[mm2] 0.0111 0.0092 0.0089 0.0096 0.0111 0.0138 0.0172 0.0222 0.0259 0.0263
σ2[mm4] 0.0005 0.0002 0.0002 0.0002 0.0003 0.0004 0.0008 0.0010 0.0019 0.0017
